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Abstract 

In this study we tested a series of 12 previously identified, highly effective propafenone-type 

multi drug resistance (MDR) modulators for their possible undesirable effects on cardiac tissue. 

We used rat papillary muscle preparations and quantitatively determined the potency of these 

substances to block action potential (AP) upstroke velocity (Vmax) and to prolong AP-duration 

(APD50). Simultaneously the effects on isometric twitch parameters were evaluated. 

Concentration-response curves were obtained for all parameters. Within a subset of the 

compounds, we found a significant rank correlation (r’ = 0.87, p < 0.05) between potencies to 

block Vmax (kiVmax) and to inhibit daunomycin efflux in MDR-cells (IC50). Surprisingly the 

most lipophilic compounds with additional aromatic side chains completely lacked effects on 

AP- and mechanical twitch parameters, although they are the most effective MDR-modulators. 

Additional structural modifications like fluoride substitution of the aromatic ring, introduction 

of arylpiperazine or piperidine side chains, as well as modifying the hydrogen bond acceptor 

strength of the carbonyl group did not reestablish cardiac side effects. In contrast, when these 

substances were truncated at the phenylpropiophenone moiety of the propafenone core 

structure, cardiac effects reappeared. We conclude that aromatic substituents in the vincinity of 

the nitrogen atom prevent interaction with ion channels likely due to steric hindrance and are 

thus a prerequisite for eliminating unwanted cardiac effects. 
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Introduction 

Expression of P-glycoprotein (P-gp) represents one major mechanism for multi-drug-

resistance (MDR) in human tumour cells (Higgins, 2001). Structurally and functionally 

homologous drug efflux pumps have been described in bacteria, fungi and parasites. A series of 

propafenone analogs (PAs) have been identified as highly effective inhibitors of P-gp (Chiba et 

al., 1995) and analogous microbial efflux transporters (M. Putman, W.N. Konings, unpublished 

data) and are thus able to re-establish drug sensitivity of resistant cells. Extensive prior 

structure activity relationship studies demonstrated that lipophilicity as well as hydrogen-bond 

acceptor strengths are major determinants for the anti-MDR-activity of these PAs (Chiba et al., 

1996), (Ecker et al., 1999), (Schmid et al., 1999).  

The parental compound propafenone represents a Class Ic antiarrhythmic drug 

according to the classification of Vaughan Williams (Vaughan Williams, 1991), (Honjo et al., 

1989). Its main activity on cardiac tissue is the Na+-channel blockade. However, at higher 

concentrations it also exhibits properties of a Class II (beta blockade) and Class IV (calcium 

antagonist) drug. Moreover propafenone has been found to block repolarizing currents by 

inhibiting K+-channels and thus under certain conditions also exhibits a Class III action (Gross 

and Castle, 1998). 

Preservation of the inherent pharmacological properties of propafenone would 

compromise a potential clinical use of its analogs in anticancer and antimicrobial therapy. 

Selected compounds have previously been evaluated for cardiac activity (Ecker and Chiba, 

1995). For example the benzofurane analog GE68 has been shown to have cardiac effects, 

which closely resemble those of the parental compound propafenone (Lemmens-Gruber et al., 

1997).  

The present study systematically evaluates cardiac effects of 12 additional propafenone 

analogs and compares them to those of the parental compound propafenone. This was done by 

obtaining concentration- response curves for each of these substances. In particular, the effects 
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on deceleration of the upstroke velocity of cardiac action potential (Vmax) and the influence on 

action potential duration (APD50) were quantified. Furthermore, concentration response curves 

were established for each substance with respect to its mechanical effects (isometric force-

development and corresponding time parameters). Finally, the substance’s cardiac effects and 

their MDR-modulating activity were compared.  
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Methods 

Preparation and setup 

The hearts of male rats (stem OFA-SPF, 200 - 300 g body weight), anaesthetized 

intraperitoneally with thiopental (10 mg / 100 g), were placed in an ice cold oxygenated 

cardioplegic solution, consisting of 0.3 g/dl 2,3-butanedione monoxime (BDM) in Krebs-

Ringer with the following composition (in mM) NaCl 118, KCl 5.5, MgSO4·7H2O 1.2, KH2PO4 

1.3, CaCl2·6H2O 1.25, NaHCO3 25 and glucose 4.5 plus 1 unit/l bovine insulin, bubbled with 

carbogen gas (95% O2, 5% CO2), pH of 7.2 ± 0.05. A left ventricular papillary muscle was 

immediately excised and mounted vertically in a temperature controlled (29°C) organ bath 

superfused by BDM in Krebs-Ringer solution (pO2 = 530 Torr) with a total circulating volume 

of 100 ml. The mural end of the muscle was held by an elastic bronze clip while the other end 

was tied with a silk 7/0 thread to a Fort-10 force transducer (World Precision Instruments, 

Berlin, Germany) connected to a PGA 204 Burr Brown Programmable Gain Instrumentation 

Amplifier (Texas Instruments, Freising, Germany). At first the preload was set to 5 mN. 10 

minutes after being placed in the organ bath we stimulated the muscle using a pair of platinum 

field electrodes with rectangular pulses of 5 ms duration and an initial amplitude voltage of 3.5 

V. In order to allow the muscle to start performing isometric contractions we exchanged the 

superfusing cardioplegic solution 10 min later to a normal Krebs-Ringer solution (as described 

above but without BDM and with 45 mM NaHCO3 changing pH to 7.4 ± 0.05). After 

stabilization the preload was finely adjusted to a value that allowed active developed force (AF) 

to be 90% of maximum and stimulation amplitude voltage was set 10% above threshold to 

avoid endogenous catecholamine release from autonomic synapses within the preparation. 

Stimulation frequency was 0.2 Hz during stabilization. 
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Measurement of isometric force and action potential 

The cardiac transmembrane action potential was recorded by impaling conventional 

intracellular microelectrodes about 100 -150 µm deep into the beating papillary muscle. We 

XVHG� PLFURSLSHWWHV� ZLWK� D� UHVLVWDQFH� EHWZHHQ� ��� WR� ��� 0 � EHLQJ� SXOOHG� E\� D� 6XWWHU� 3-87 

micropipette puller (Sutter Instruments, Navato, CA, USA) using borosilicate glass capillary 

tubes (Harvard Apparatus, March-Hugstetten, Germany). They were filled with 4M sodium 

acetate and connected to a BAK model A-2B intracellular high impedance bridge amplifier 

(BAK Electronics Inc., Mount Airy, MD, USA). The signals of isometric contraction force and 

intracellular potential were digitized using a PCI 6052-E 16 bit A/D-conversion card (National 

Instruments Corp., Austin, Texas, USA) with a rate of 5000 samples per second and 

continuously recorded by a standard personal computer using a custom developed program 

based on Labview 6.0i (National Instruments Corp.). All parameters were extracted offline 

from the full replayed signal for each single action potential and accompanying force twitch. 

Using numerical differentiation and peak detection virtual instruments of this Labview 

Software (VIs), Vmax = du/dtmax was determined after discrimination from stimulus artifacts. 

Using the waveform trigger VIs the time from 50% of the action potential’s ramp to its half 

regression (APD50) was evaluated. Derived from the raw recording of force twitch we extracted 

the preload (P0), active isometric force (AF), time from the stimulus to maximum of active 

force (tAF). A smoothing of the raw signal was accomplished by use of sliding means. 

Subsequently, numerical differentiation VIs were used to derive dF/dtmax (peak rate of force 

development, PdF), time to peak rate of force development (tPdF) and time from peak force to 

maximum rate of force relaxation (tNdF). 

Potentials with an action potential amplitude (APA) of less than 80 mV or twitches with a 

maximum AF less than 1 mN under control conditions were not evaluated. 
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Concentration response experiments 

The preload was adjusted to a value that allowed the muscle to develop 90% of its maximum 

AF and kept at this setpoint throughout the experiment. After equilibrating for two hours with a 

stimulating rate of 0.2 Hz the frequency was changed to 2.0 Hz. After reaching a constant 

condition concerning all online monitored parameters again (AF, tAF, Vmax, APD50), the 

substances were added starting at a concentration which was at least one order of magnitude 

below that required for the half maximal effect on Vmax. The highest concentration was 

determined by aqueous solubility of the compounds. Depending on the drug these 

concentrations were in the range of 100 to 1000 µM. The concentration was increased 

incrementally after reaching a steady state in the on-line monitored parameters APD50, du/dtmax 

as well as in AF, thereby appointing the time to their complete effect. In steady state, 

parameters of 50 consecutive action potentials and twitches were averaged to yield a single data 

point for concentration response analysis. 

 

Data Analysis 

For determination of KiVmax values, pooled Vmax concentration response data of replicate 

experiments were fitted simultaneously for each substance (Sigma Plot, SPSS GmbH, Munich, 

Germany) by non-linear least squares minimization using the equation: 
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where kivmax is the concentration producing a half-maximal response, and nH is the Hill 

coefficient. Vmax(0) refers to the Vmax under control conditions (1% DMSO). 

For estimation of KaAPD50 values by curve fitting the following strategy was employed: APD50 

is indirectly proportional to the open-probability of blocked K+-channels. Equation (2) is based 
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on a hypothetical maximal effect of complete channel blockage, thereby eliminating the need 

for finding a maximum effect of APD50, which is theoretically located at infinity in this case: 
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where kaAPD50 is the concentration producing a doubling of APD50, and nH is the Hill 

coefficient. APD50(0) refers to the APD50 under control conditions (1% DMSO). 

For fitting concentration response curves showing the effect of drugs on contractility, an 

equation similar to (1) was used, in which Vmax was exchanged for PdF. The corresponding ki 

values were termed kiPdF. 

 

Daunomycin efflux studies 

Daunomycin efflux studies were performed as previously described (Chiba et al., 1996) using 

CCRF VCR-1000 cells, which display a P-glycoprotein mediated MDR-phenotype (Boer et al., 

1996). Briefly, cells were pelleted, the supernatant was removed by aspiration and cells were 

resuspended at a density of 1 x 106/ml in RPMI1640 medium containing 0.2 mg/l daunomycin. 

Cell suspensions were incubated at 37°C for 30 min after which time a steady state of 

daunomycin accumulation was reached. Tubes were chilled on ice and cells were pelleted at 

500 x g. Cells were washed once in RPMI1640 medium to remove extracellular fluorochrome. 

Subsequently, cells were resuspended in medium prewarmed to 37°C, containing either no 

modulator or chemosensitizer at various concentrations ranging from 3 nM to 500 µM, 

depending on solubility and expected potency of the modifier. Generally, 8 serial dilutions 

were tested for each modulator. After 30, 60, 90 and 120 sec aliquots of the incubation mixture 

were drawn and pipetted into 4 volumes of ice cold stop solution (RPMI1640 medium 

containing verapamil at a final concentration of 100 µM). Parental CCRF cells were used to 

correct for simple membrane diffusion, which was less than 3% of the efflux rates observed in 
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resistant cells. Samples drawn at the respective time points were kept in an ice water bath and 

measured within one hour on a Becton Dickinson FACS Calibur flow cytometer as described. 

Initial efflux rates were derived by fitting an exponential decay function to the data points. 

Representative efflux curves were published previously (Ecker et al., 1999). Hyperbolic dose 

response curves were fitted to efflux rates using the method of non-linear least squares and IC50 

values were calculated as described (Chiba et al., 1996). 

 

Chemicals 

Inorganic salts and glucose used for Krebs-Ringer solutions were purchased from Merck 

(Darmstadt, Germany). All other chemicals were obtained from Sigma (St. Louis, MO, USA).  

Propafenone analogs were synthesized according to previously published procedures (Chiba et 

al., 1995), (Chiba et al., 1996), (Tmej et al., 1998). Stock solutions (100 mM) were prepared in 

pure DMSO and were further diluted with Krebs-Ringer solutions to the required or tested 

concentration. Final DMSO concentration did not exceed 1% (vol/vol).  

Calculated logP values were determined as described (Chiba et al., 1996). 

 

Statistics 

Pooled data are presented throughout as mean ± standard error (S.E.M).  

Paired or unpaired Student ś t-tests were used to evaluate statistically significant differences 

within or between groups, respectively. P values � 0.05 were considered as statistically 

significant.  

For correlation analyses a bivariate Spearman–Rho rank correlation analysis was performed 

and expressed as r’. A correlation was considered significant for p-values �������
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Results 

Effects of propafenone analogs on action potentials 

Chemical structures of the parental compound propafenone and of 12 structural analogs 

are shown in Table 1, their lipophilicity (calculated logP) values are given in the first column of 

Table 2. Each individual substance was simultaneously evaluated for its effects on 

electrophysiological and mechanical parameters of rat left ventricular papillary muscle. The 

stimulation frequency was kept at 2 Hz throughout the experiments. This frequency was 

selected as the highest possible stimulation frequency which still allowed maintaining constant 

conditions with respect to electrical and mechanical parameters. Hence this condition provided 

highest achievable sensitivity in detecting a Vmax blockade, since the blocking action of 

propafenone and presumably its analogs on Vmax has a use-dependent component (Malfatto et 

al., 1988), (Kohlhardt, 1984). Figure 1A shows representative action potential (AP) recordings, 

in which tracks in the absence of drug (control) and in the presence of GPV05 at 1 and 10 

µmol/l are shown. Other concentrations are omitted for the sake of clarity. No significant (n.s.) 

changes in resting membrane potential were observed (-77.5 ± 2.8 mV for control, versus –78.0 

± 2.9 mV in presence of 10 µmol/l GPV05, n = 50 consecutive potentials). The action potential 

amplitude (APA) was 84 ± 3.1 mV in controls and 82.1 ± 2.7 mV at 1µM (n.s.) and decreased 

significantly to 63.8 ± 2.4 mV at 10 µM (n = 50, p < 0.001) (Figure 1A). The upstroke velocity 

of the action potential recording (Vmax) decreased dose dependently. This can be seen more 

clearly when looking at the corresponding first derivative of the action potential recordings 

(Figure 1B). Further action-potential characteristics also changed: the action potential 

deflection occurred more blunted (Figure 1A) in the presence of drug and an accompanying 

increase in action potential duration was observed with increasing concentration (control: 17.4 

± 0.2 ms, 1 µmol/l GPV05: 18.1 ± 1.8 ms, n.s. , 10 µmol/l GPV05: 22.8 ± 0.7 ms, n = 50, p < 

0.001).  
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Each substance was added to the superfusion buffer in cumulative doses starting from 

0.1 µmol/l. The highest concentrations applied were dependent on the substances solubility in 

aqueous solution. For GPV46 (lowest calculated logP) this concentration was 3000 µmol/l and 

for GPV576 (highest calculated logP) it was 100 µmol/l.  

The time to steady drug effect was determined from time courses. An insert in Figure 

1B shows a representative experiment showing continuous “AP to AP” monitoring of Vmax 

before and after addition of GPV05 at a concentration of 10 µmol/l. 35 min after its addition a 

steady effect was reached for this substance. For each substance this time was determined by 

evaluating APD50 and Vmax during the experiment. Depending on the compound tested, this 

time was between 10 and 35 min, with the exception of the quaternary compound GPV10, 

which required 50 min to reach its full effect (time courses not shown). 

None of the substances caused a significant change in resting membrane potential even 

at the highest concentrations used. Concentration response curves (drug concentration vs. Vmax) 

are given in Figures 2A and B. Each substance was tested in at least three independent 

experiments. Full dose response curves for Vmax were obtained for propafenone, GPV02, 

GPV05, GPV10, GPV12, GPV46, GPV321 and GPV794 (compound set A). The respective 

Kivmax values are given in Table 2. The group of substances GPV29, GPV31, GPV128, 

GPV156 as well as GPV576 (compound set B) were inactive at concentrations up to a 

maximum concentration (100 µM) determined by aqueous solubility of these compounds.  For 

the sake of clarity only compound GPV576 is shown in Figure 2A as a representative example 

for similar results of all compounds of set B. 

Potencies of Vmax reduction were correlated with calculated logP of each of the tested 

compounds using the Spearman- Rho rank correlation coefficient (Figure 3). No significant 

correlation was observed, when all compounds except GPV10, for which a logP value could 

not be calculated, were included in the analysis (r’ = -0.261, p = 0.412, N = 12).  In contrast, 

compound set A showed a significant correlation between log(1/kivmax) and logP values (r’ = 
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0.857, p = 0.01, N = 7). However, when omitting substances with an aromatic substituent on 

the piperidine- or piperazine-ring lacking the phenylpropiophenone substructure (GPV321, 

GPV794, respectively), the correlation became excellent (r’ = 1, N = 5). A correlation 

coefficient for compound set B alone could not be obtained, due to equal ranks of log(1/kivmax) 

values. 

Figures 4A and 4B depict the concentration dependent effect of each compound on 

action potential duration at 50% repolarization (APD50). All substances in compound set A led 

to a dose-dependent increase in APD50 with the rank order differing from that observed for the 

effect on Vmax. A saturation effect could not be observed for any of the substances. As for Vmax, 

all compound of set B were ineffective with respect to APD50. 

Table 2 summarizes concentrations required for doubling the duration of the action 

potential (kaAPD50). 

 

Effects on isometric force 

Simultaneously with action potential measurements the effects of the compounds on 

isometric twitches were studied. A concentration dependent reduction in contractility (peak 

development of force, PdF), a progressive delay in the time parameters tPdF and time to 

maximum force (tAF) were observed using 6 of 7 compounds of set A but not in set B, which is 

shown in Figure 5 for GPV321 and GPV576 as representative examples of compound set A 

and B, respectively. KiPdF values for negative inotropic effects are also given in Table 2. Within 

set A GPV10 lacked any effect, while GPV46 was only weakly active. Again, all compounds of 

set B were without any significant effect on contractility and time parameters. Also relaxation 

time, tNdF, was not significantly influenced by any of the substances. 

Both, a mechanical and an electrical alternans phenomenon, were observed with all 

substances in compound set A, when exceeding a certain substance-dependent concentration. 
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Table 2 also gives the lowest concentration at which this pro-arrhythmic event occurred. None 

of the compounds in set B induced alternans even at highest applicable concentration. 

 

Effects on drug efflux 

Inhibitory activities of the compounds on P-glycoprotein were evaluated using the 

daunomycin efflux inhibition assay. A representative concentration response curve of the most 

active MDR modulator GPV576 as well as of GPV05 is shown in Figure 6A, in comparison to 

the known MDR-inhibitor Cyclosporin-A. IC50 values for P-gp inhibition and cardiac effects 

are compared in Table 2. Figure 6B correlates potencies of Vmax reduction with potency of 

daunomycin efflux inhibition. Those compounds, which carry an aromatic substituent in the 

vicinity of the nitrogen atom, lacked cardiac activity. The latter was regained for compounds 

GPV321 and GPV794, which bear an aromatic substituent near the nitrogen atom, but lack one 

of the aromatic rings normally present in the phenylpropiophenone core structure. For 

compounds lacking an aromatic substitution near the nitrogen atom a rank correlation analysis 

between MDR-reverting and sodium channel blocking activity yielded a significant correlation 

(r’ = 0.886, p = 0.02, N = 6). However, when GPV321 and GPV794 were included in the data 

set the correlation was less significant (r’ = 0.731, p = 0.04, N = 8). Most notably, all 

compounds of compound set B, which are efficient P-gp inhibitors, completely lacked cardiac 

activity and were thus not included into this correlation. This group of compounds includes 

GPV576, which is the most active substance with respect to P-glycoprotein inhibition (IC50 = 

0.011 ± 0.00106 µmol/l). The reference substance Cyclosporin-A was less active (IC50 = 0.123 

± 0.0068 µmol/l).    
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Discussion 

The principal aim of this paper was to study cardiac effects of a series of recently 

developed propafenone analogs, which were identified as highly active inhibitors of P-

glycoprotein. Ligand based design allowed the synthesis of MDR-inhibitors with IC50 values in 

the low nanomolar range. The effects on deceleration of the upstroke velocity of cardiac action 

potential (Vmax) and the influence on action potential duration (APD50) were quantified in terms 

of complete concentration-response curves. Simultaneously, effects of these drugs on isometric 

twitch parameters were also evaluated. These pharmacological parameters were compared to P-

gp inhibitory activity and used for establishing differential quantitative structure-activity 

relationships. 

Rat papillary muscle preparations were used for this purpose, since in the rat model 

system, in contrast to the more generally used guinea pig model, low activity of the Na+/Ca++ 

exchanger favors shorter action potentials and a time resolved discrimination between action 

potential and calcium transient (Han et al., 2002). The interference of the calcium transient on 

e.g. action potential duration is therefore lower than in the guinea pig model. This allows 

assignment of drug induced differences in APD50 to K+-channels, largely independent of 

potential simultaneous effects on Ca++-channels. Mutatis mutandis, pharmacological effects of 

drugs on calcium channels and calcium fluxes can be monitored by measuring effects on 

contractility largely independent of simultaneous effects on K+-channels. 

Vmax values were used as an indirect estimative index of the magnitude of the peak 

sodium current (INa). Vmax has a non-linear relationship with the maximal limiting sodium 

conductivity (gNa) (Sheets et al., 1988). Thus the INa block will become increasingly 

overestimated at higher effective drug concentrations. Despite this limitation Vmax has 

consistently been used to characterize the effects of antiarrhythmic drugs on cardiac Na+ 

channels (Kodama and Toyama, 1988). 
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This study shows that cardiac activity and MDR-reverting activity are not necessarily 

coupled. Five of 13 compounds tested (compound set B, see results), completely lacked cardiac 

effects. As a common structural feature these compounds have an aromatic substitution in the 

vicinity of the nitrogen atom and an unmodified phenylpropiophenone core structure. Among 

these, the xylyl analog GPV576 is the most active MDR-modulator identified to date. In 

contrast, substances bearing such an aromatic substituent but additionally a truncation in the 

phenylpropiophenone moiety (GPV321 and GPV794) were regaining cardiac activity as 

indicated by their effects on Vmax and APD50. Similarly propafenone itself and propafenone 

analogs containing a phenylpropiophenone moiety, but a nonaromatic nitrogen substituent, 

display cardiac effects (GPV02, GPV05). 

Changing the nitrogen substituent from phenylpiperazine (GPV29) to 

fluorophenylpiperazine, thus yielding compound GPV31, did not re-establish cardiac activity. 

In addition replacing the piperazine residue (GPV29) by piperidine (GP128) did not restore 

cardiac activity. Similarly, decreasing the hydrogen bond acceptor strength of the carbonyl 

group by replacing the carbonyl oxygen of GPV31 by a methoxy group, thus yielding GPV156, 

did also not reestablish cardiac activity. In contrast, replacing the phenylethyl group of the 

phenylpropiophenone moiety by a methyl (GPV321) or ethyl group (GPV794), led to recovery 

of cardiac effects, whereby the piperazine analog (GPV794) was less active than the piperidine 

analog (GPV321), though both compounds have similar lipophilicity (calculated log P = 3.35 

vs. 3.33, respectively).  

Lipophilicity has been shown to be one of the main physicochemical determinants of 

drug action with respect to MDR inhibition (Chiba et al., 1996). We show here that the effects 

on cardiac ion channels is also dependent on lipophilicity of the compounds. This was similarly 

shown for the sodium channel blocker mexiletine and its analogs in skeletal muscle (De Luca et 

al., 2000) and for structural analogs of phenylacetamides, which are cardiac sodium channel 

blockers (Roufos et al., 1996). This suggests that propafenone and its analogs act both on 
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sodium channels and on P-glycoprotein (Ecker et al., 2002), (Schmid et al., 1999) from within 

the plasma membrane. This also provides an explanation for a high intercorrelation between 

MDR and cardiac activities as demonstrated in this study.  

Presented evidence demonstrates that analogs with aromatic substituents in the vicinity 

of the nitrogen atom and unmodified phenylpropiophenone core structure are inactive with 

respect to cardiac ion channels. Molecules in which the phenylethyl group is replaced by either 

a methyl or an ethyl group, regain cardiac activity. This indicates that size is a second 

determining factor for cardiac activity. 

The quaternary analog GPV10 needs more time (50 min) to reach full effect of Vmax 

blockade than all other substances (10-35 min). However, with respect to Vmax blockade the 

activity was comparable to that of active tertiary analogs (e.g. GPV02). In contrast, GPV10 was 

the only substance lacking any negative inotropic effect, while retaining Na+ and K+ channel 

blocking activity. This suggests, that GPV10 is unable to interact with Ca++-channels, possibly 

due to its permanently charged quaternary nitrogen atom. Nevertheless GPV10, like all the 

other electrically active compounds causes an electrical and mechanical alternans phenomenon 

at highest applicable concentration, probably due to uncoupling between directly and indirectly 

stimulated areas of papillary muscle caused by conduction blockage as a result of Na+-channel 

inhibition. 

We found that the parental compound propafenone has the highest ratio of potencies of 

blocking Vmax (kiVmax) compared to prolonging APD50 (kaAPD50) (Table 2). Thus it has the 

highest ratio of Na+ to K+  channel blocking activity. Analogs modified in the 

phenylpropiophenone moiety (GPV46, GPV321, GPV794) with exception of GPV12 have a 

lower ratio of Na+ to K+ channel blocking activity than analogs that are unmodified in the core 

structure. In addition the ratio of negative inotropic effect and Na+ channel blocking activity is 

higher in truncated analogs compared to unmodified compounds. That implies that propafenone 

has an optimal structure with regard to its Class I antiarrhythmic activity and propafenone 
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analogs used in this study with detectable cardiac effects tend to adopt properties conforming to 

Class III antiarrhythmic activity, especially those substances which are modified in the 

phenylpropiophenone substructure. The latter seem to tend towards acquisition of Class IV 

properties. 

Due to the aryloxypropanolamine substructure compounds have a chiral center and were 

tested as racemic mixtures in the present study. For propafenone and diprafenone depression of 

Vmax has been reported to be independent of the configuration of the chiral center (Kohlhardt 

and Fichtner, 1988). In case of MDR-modulating activity only minor differences between the 

two enantiomers of propafenone and selected analogues have been seen (Chiba et al., 1998). In 

contrast, as for other propanolamines, ß-blocking activity has been shown to differ for the 

enantiomers of propafenone (Groschner et al., 1991). However, ß-blocking effects of the 

substances were not subject to evaluation in this study, since there was no exogenous or 

endogenous ß-activation present in the heart muscle preparations. The latter was prevented by 

keeping the stimulation voltage 10% above threshold (see methods), which avoids endogenous 

catecholamine release. This allowed attribution of negative inotropic effects to ion channel 

blockade alone.  

In summary, modification of the propafenone core structure by aromatic substitution of 

the nitrogen atom yields highly effective modulators of multi-drug-resistance. Simultaneously, 

cardiac side effects are abolished. This leads to compounds which lack the ability to block Na+ 

channels and to modulate action potential duration. In addition these compounds do not exert a 

negative inotropic effect that could be attributed to othHU�FDXVHV�WKDQ� -blocking activity. They 

also do not produce an alternans phenomenon or other beating abnormalties of the heart 

muscle.  

Data reported in this study justify the approach of structural modification of 

propafenone for eliminating unwanted side effects in order to yield useful MDR-modulators.  
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Legends to figures 

 

Fig. 1. A,B) Original traces of transmembrane action potentials (1A) and their corresponding first derivatives (1B) 

recorded in rat papillary muscles stimulated at 2 Hz. Effects of a representative propafenone analog, GPV05, 

producing typical electrophysiological effects (see text).  

Solid line: Typical action potential trace recorded at control conditions before addition of drug. Dotted line: AP, 

30 min after addition of 1 µM GPV05. Dashed line: AP, 30 min after addition of 10 µM GPV05 

Insert: Continuous potential by potential evaluation of maximal upstroke velocity Vmax showing the time course 

of its decline after addition of 10 µM GPV05 at 2 Hz stimulation frequency. Time to maximum and stable effect is 

35 minutes, when using this sample substance. 

 

Fig. 2. A,B) Concentration dependence of Vmax block induced by various propafenone analogs. Figure 2A shows 

effects of the substances Propafenone ( ��IXOO�OLQH���*39���� ��GRWWHG�OLQH���*39���� ��VKRUW�GDVKHG�OLQH���

GPV10 ( chain double-dotted line), GPV12 ( ��ORQJ�GDVKHG�OLQH��RI�ZKLFK�DOO�KDG�D�KLOO-slope of ~ 1, compared 

to the compound GPV576 ( ��FKDLQ�GRWWHG�OLQH��UHSUHVHQWDWLYH�H[DPSOH�RI�FRPSRXQG�VHW�%��ZKLFK�DUH�DOO�LQDFWLYH���

Figure 2B shows the concentration dependence of effects of substances producing a hill-slope of ~ 2:  GPV46 ( ��

full line), GPV321 ( ��GRWWHG�OLQH) and GPV794 ( ��GDVKHG�OLQH���'DWD�SRLQWV�UHSUHVHQW�PHDQ���- standard error of  

at least 3 independently performed experiments for each substance. KiVmax values (see Table 2) were determined 

by fitting a hill equation (lines) to pooled data points by means of non-linear least squares method by using 

equation given in the Methods section.  

 

Fig. 3 Correlation between potency of compounds to block Vmax and calculated lipophilicity (logP). This analysis 

excluded compound set B, which have additional aromatic side chains ( ��GRWWHG�OLQH��DQG�WKH�TXDWHUQDU\�DQDORJ�

GPV10 (¸). The solid line shows linear regression function for all other compounds, which are: propafenone itself 

( ), tertiary propafenone analogs GPV02, GPV05 ( ��DQG�WHUWLDU\�SURSDIHQRQH�DQDORJV�ZLWh truncation of 

phenylpropiophenone moiety GPV12, GPV46 ( ) and propafenone analogs with additional aromatic side chains 

and truncation of phenylpropiophenone moiety GPV321, GPV794 ( ). The dashed line shows the regression line, 

for which the two latter substances were excluded. (n.d = not determined, n.e. = not effective) 
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Fig. 4 A,B) Concentration dependence of the prolonging effects of various propafenone analogs on the action 

potential parameter APD50. Figure 4A shows effects of the substances propafenone ( ��IXOO�OLQH���*39���� ��

dotted line), GPV05 ( �GDVKHG�OLQH���*39���� chain double-dotted line), compared to the compound GPV576 

( ��FKDLQ�GRWWHG�OLQH��UHSUHVHQWDWLYH�H[DPSOH�RI�FRPSRXQG�VHW�%��ZKLFK�DUH�DOO�LQDFWLYH���)LJXUH��%�VKRZV�WKH�

concentration dependence of effects of substances:  GPV46 ( ��IXOO�OLQH���*39���� ��ORQJ�GDVKHG�OLQH���*39����

( ��GRWWHG�OLQH��DQG�*39����� ��FKDLQ�GRWWHG�OLQH���'DWD�SRLQWV�UHSUHVHQW�PHDQ���- standard error of at least 3 

independently performed experiments for each substance. KaAPD50 values (see Table 2) were determined by fitting 

an inverted hill equation (all displayed lines, see methods for equation) onto data points by means of non linear 

least squares method. 

 

Fig. 5. A) Concentration dependence of the effect of GPV321 ( ��UHSUHVHQWDWLYH�RI�FRPSRXQG�VHW�$��FRPSDUHG�WR�

GPV576 ( ��UHSUHVHQWDWLYH�RI�FRPSRXQG�VHW�%��RQ�LVRPHWULF�FRQWUDFWLOLW\��SHDN�UDWH�RI�IRUFH�GHYHORSPHQW��3G)���Q�

= 3 or 5, respectively).  

B) Concentration dependence of the effects of GPV321 (open symbols) compared to GPV576 (closed symbols) on 

isometric time parameters: time to peak development of force (tPdF: � ) time to maximal active force (tAF: ��

��DQG�WLPH�IURP�PD[LPDO�IRUFH�WR�PD[LPDO�QHJDWLYH�UDWH�RI�UHOD[DWLRQ���W1G)�� �� ). Data points represent mean 

+/- standard error. 

 

Fig. 6. A) MDR reverting activity: Concentration-response curves for the compounds, GPV05 ( ��DQG�*39����

( ��DV�UHSUHVHQWDWLYH�H[DPSOHV�IRU�KLJKO\�HIIHFWLYH�3URSDIHQRQH�DQDORJV��VKRZLQJ�WKH�HIIHFW�RQ�GDXQRP\FLQ�HIIOX[�

rate in CCRF CEM VCR1000 cells. Cyclosporin-A (CsA, ��D�KLJKO\�DFWLYH�DQG�VWUXFWXUDOO\�XQUHODWHG�0'5-

modulator, is included for comparison. Similar curve shapes were obtained for all compounds tested. First order 

efflux rate constants were determined from an exponential fit to the time course of mean daunomycin fluorescence 

intensity values determined after 30, 60, 90 and 120 sec after washout of external daunomycin as described (Ecker 

et al., 1999). Data points represent mean +/- standard error of at least two independently performed experiments. 

IC50 values were determined by fitting a hill equation onto data points by means of non linear least squares method 

(hill coefficient = 1) according to (Chiba et al., 1996) and are shown in Table 2.  

B) Correlation between potency of compounds to block Vmax  [log(1/kiVmax)] and potency to inhibit daunomycin 

efflux [log(1/IC50)]. This correlation excluded compounds set B, which have additional aromatic side chains and 

are inactive with respect to Vmax( ��GRWWHG�OLQH���/LQHDU�UHJUHVVLRQ�ZDV�GRQH�ZLWK�DOO�RWKHU�FRPSRXQGV��ZKLFK�DUH�

propafenone itself ( ), the quaternary analog GPV10 (¸), tertiary propafenone analogs GPV02, GPV05 ( ��DQG�
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tertiary propafenone analogs with truncation of phenylpropiophenone moiety GPV12, GPV46 ( ) and including 

(solid line) or excluding (dashed line) substances with additional aromatic side chains and truncation of 

phenylpropiophenone moiety GPV321, GPV794 ( ����Q�H�� �QRW�HIIHFWLYH� 
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Table2 

Synopsis of calculated lipophilicity, effects on cardiac action potential and isometric force 

of rat papillary muscles as well as MDR-inhibitory effects of all tested propafenone 

analogs:  

KiVmax ± S.E, kaAPD50 ± S.E and kiPdF ± S.E values are given as the result of simultaneous curve 

fitting of pooled replicate experiments (n = at least 3) , IC50 is mean ± S.E.M of at least 2 

individually fitted daunomycin efflux inhibition experiments. 

 
Effects on action potential Effects on isometric force 

MDR-

inhibition 

Compound 

(set) 

Calcd 

LogP 

KiVmax 

[µM] 

KaAPD50 

[µM] 

KiVmax 

KaAPD50 

Ratio 

KiPdF  

[µM] 

Alternans 
phenomenon 
occurred at 
conc. [µM] 

IC50 

dauno efflux 
[µM] 

GPV01 3.39 33.1 ± 2.2 275 ± 12 0.12 173 ± 28 100 0.70 ± 0.53 

GPV02 3.62 28.7 ± 3.8 89.2 ± 6.6 0.32 292 ± 16 100 0.99 ±0.26 

GPV05 3.67 14.2 ± 3.0 39.4 ± 1.7 0.36 72.9 ± 39 30 0.66 ± 0.19 

GPV10 n.d. 59.1 ± 10.3 207 ± 17 0.28 >1000 300 3.60 ± 1.47 

GPV12 2.07 35.6 ± 9.8 306 ± 14 0.12 577 ± 332 1000 6.47 ± 1.48 

GPV29 4.43 >1000 >1000 n.d. >1000 -- 0.38 ± 0.104 

GPV31 4.93 >1000 >1000 n.d. >1000 -- 0.14 ± 0.06 

GPV46 0.94 1118 ± 60 2030 ± 141 0.55 2840 ± 1300 1000 207 ± 34.7 

GPV128 5.61 >1000 >1000 n.d. >1000 -- 0.26 ± 0.05 

GPV156 5.56 >1000 >1000 n.d. >1000 -- 0.23 ± 0.11 
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GPV321 3.35 28.1 ± 1.6 30.2 ± 3.4 0.93 64.4 ± 8.6 30 0.56 ± 0.29 

GPV576 5.75 >1000 >1000 n.d. >1000 -- 0.011 ± 0.001 

GPV794 3.33 328 ± 11 343 ± 8 0.96 488 ± 16 300 0.79 ± 0.08 

 

n.d.: not determined 

-- : no alternans occured at highest applicable concentration 
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